Background and aim: Paradoxically, recent investigations have showed that adiponectin levels are inversely associated with muscle strength. However, to date, there is a lack of knowledge on the relationship between muscular fitness (MF) and adiponectin levels in adolescents. We aimed to examine the independent associations between MF and adiponectin levels in adolescents, controlling for several potential confounders. Methods and results: This is a cross-sectional analysis with 529 Portuguese adolescents aged 12-18 years. A MF score was computed as the mean of the handgrip strength and standing long jump standardized values by age and gender. We measured fasting glucose, insulin, HDL-cholesterol, C-reactive protein and adiponectin. Linear regression analysis showed a significant inverse association between adiponectin (Z-score by age and sex) and MF score, after adjustments for age, sex, pubertal stage, socioeconomic status, adherence to the Mediterranean diet, body mass index, HOMA-IR, HDL-cholesterol, C-reactive protein and cardiorespiratory fitness (unstandardized β = -0.176; p < 0.005). Analysis of covariance showed a significant difference between the Low MF/Non-overweight group and the High MF/Non-overweight Group (p < 0.05) and between the Low MF/Non-overweight and High MF/Overweight Group (p < 0.05) (F (5, 523) = 2.262, p = 0.047). Conclusion: Adiponectin circulating levels are inversely and independently associated with MF. In nonoverweight adolescents, those with high levels of MF presented lower levels of adiponectin compared to those with Low MF. Likewise, overweight adolescents with High MF presented lower levels of serum adiponectin than non-overweight adolescents with Low MF.
Introduction
Individuals with cardiovascular disease (CVD) usually become symptomatic only in adulthood, but the underlying process of CVD, atherosclerosis, has its onset during childhood and adolescence with an inflammatory process 1 . Several biomarkers of CVD have emerged in the last years. Inflammatory biomarkers such as adiponectin, Tumor Necrosis Factor Alfa (TNFα), C-reactive protein (CRP) and Interleukin 6 (IL -6) have been associated with CVD risk in adolescents 2 .
Adiponectin is an abundant protein in blood plasma and it is known as an insulin-sensitizing, anti-inflammatory, and anti-atherogenic adipokine 3 , considered a "good adipokine" because unlike all other adipokines, its circulating levels are decreased in obese subjects 4 . Adiponectin concentrations have been negatively associated with insulin resistance 5 , CRP 6 and adiposity 7 , positively correlated with HDL-cholesterol 6, 8 and it is considered an independent CVD risk factor 9 . It was originally assumed that adiponectin was exclusively synthesized and expressed by adipocytes 10 . However, recently it was suggested that adiponectin is also secreted and expressed by cardiomyocytes, bone-forming cells, pituitary cells and skeletal muscle 10 . Likewise, research has begun to demonstrate that high levels of adiponectin may play a paradoxical role in the pathogenesis of CVD. Indeed, investigations have shown that high levels of adiponectin are associated with increased risk of CVD and mortality in older men 11 . Although, this adiponectin paradox remains poorly understood 12 .
Physical fitness is an important determinant of current and future health status during childhood and adolescence 13 . In children and adolescents research has focused on the relationship between cardiorespiratory fitness and health outcomes, but there is a growing interest on the relationship between muscular fitness (MF) and its healthrelated benefits 14 . MF has been inversely associated with CVD, cardiometabolic risk factors 15 and with low-grade chronic inflammation 16 . In addition, the altered muscle metabolism may play a key-role on the genesis and prevention of many common pathologic conditions 17 .
Paradoxically, recent investigations have showed that adiponectin levels are inversely associated with muscle strength 11, 18, 19 in adults and in adolecents 20 . Research on the associations between MF and adiponectin levels has mainly focused on adults and elderly or in small samples of adolescents. Moreover, studies have often overlooked potential confounders in their analysis. For instance, an inverse association between MF and adiponectin levels was found in adolescents, after adjustments for age, gender, pubertal status and waist circumference 20 .
To date, there is a lack of knowledge on the relationship between MF and adiponectin levels in adolescents. Furthermore, we are not aware of any study that has evaluated the association between adiponectin and MF independently of cardiorespiratory fitness, and other important potential confounders such as adiposity, insulin resistance (HOMA-IR), HDL-cholesterol, dietary patterns, cardiorespiratory fitness, pubertal status and socioeconomic status, and also if such relationships vary according to adolescents' weight status. Therefore, we aimed to examine the independent associations of MF and serum adiponectin levels in adolescents, controlling our analysis for the above-mentioned covariates.
Methods

Study Design and Sample
The current report is part of the "Longitudinal Analysis of Biomarkers and Environmental Determinants of Physical activity (LabMed Physical Activity Study)", a school-based prospective cohort study carried out in four Portuguese cities from the North Region (Barcelos, Vila Nova de Gaia, Ílhavo and Braga), which aimed to evaluate the independent and combined associations of dietary intake and fitness levels on cardiometabolic risk factors.
Selection of schools was based on pragmatic, budgetary and logistical reasons.
Thus, a total of 5 schools were randomly selected within that which had previous collaboration agreements established with our research centre and fitted the abovementioned criteria. The study participants' recruitment was conducted at the selected schools. The pupils belonging to the 7 th and 10 th grades classes were invited to participate in the study (n=1678). The power calculation for thatthis study was based on the exposure of combined healthy diet and physical activity pattern with a prevalence of 14% 21 . A sample of 754 would provide 80% power to detect 15% difference between exposed and unexposed at 5% significance. Taking into account an expected dropout rate of about 20% at each time-point, the sample size was increased to 1086. Porto, approved the study. All participants in this study were informed of the study's goals, and written informed consent was obtained from participating adolescents and their parents or guardians. Considering potential refusals to participate in the study due to blood analysis a "layered consent" was permitted. This allowed the participants to consent some parts of the study protocol and not others. For example, an adolescent could perform physical fitness assessments and refuse to undergo blood sampling. All adolescents, from who parental and individual consents were received, were enrolled in the study. Throughout the study no exclusion criteria was applied to avoid discriminations. However, for the present analysis only apparently healthy adolescents were considered.
Measures
Anthropometrics
Body height was measured to the nearest 0.1 cm in bare or stocking feet with the adolescent standing upright against a portable stadiometer (Seca213, Hamburg, Germany). Body weight was measured to the nearest 0.10 kg, lightly dressed, with no shoes, using a portable electronic weight scale (Tanita Inner Scan BC532, Tokyo, Japan) 23 . Body mass index (BMI) was calculated from the ratio of body weight (kg) to body height (m 2 ). Participants were categorized as non-overweight, overweight or obese according to Cole's cut-offs 24, 25 . Waist Circumference (WC) measurements were taken in a standing position, to the nearest 0.1 cm, with a tape measure midway between the lower rib margin and the anterior superior iliac spine at the end of normal expiration 23 .
Body fat percentage (BF%) was measured by bioelectrical impedance with a frequency current of 50 kHz (Tanita Inner Scan BC 532, Tokyo, Japan). Participants were asked to fast overnight for at least 10 hours. After the assessors manually introduced the age, sex and height into the scale system, the participants stood on the scale with light clothes and bared foot 26 . Skinfolds thickness (sum of skinfolds); Triceps and subscapular skinfolds were measured with a skinfold calliper, with a constant pressure of 10 g/mm 2 (Harpenden Skinfold Caliper Model HSB-BI, UK) according to standard procedures 23 .
Pubertal stage
Participants self-assessed their pubertal stage of secondary sex characteristics (breast and pubic hair development in girls and genital and pubic hair development in boys ranging from stage I to V), according to the criteria of Tanner and Whitehouse 27 .
Socioeconomic Status
Adolescents' socioeconomic status was assessed with the Family Affluence 
KIDMED Questionnaire
To assess the degree of adherence to the Mediterranean diet the KIDMED index (Mediterranean Diet Quality Index for children and adolescents) was used 30 . The index is based on a 16-questions self-administered, which sustain the principles of the Mediterranean dietary patterns, as well as, those that undermine it. The final results of index varied between 0 and 12 points. The questions that have one negative connotation in relation to Mediterranean diet were equal to (-1), the questions that constitute positive aspect were equal to (+1). Participants were classified into the follow three levels: (1) ≥8, optimal Mediterranean diet; (2) 4-7, improvement needed to adjust intake to Mediterranean patterns; (3) ≤3, very low diet quality.
Cardiorespiratory Fitness
Cardiorespiratory Number of shuttles performed by each participant was recorded.
Muscular Fitness
Handgrip strength
The handgrip strength (upper body isometric strength), was assessed using a handgrip dynamometer, (T.K.K. 5001, Grip-A produced by Takei, Japan), adjusted by sex and hand size for each adolescent. The participants were instructed to stand with their arm completely extended squeezing gradually and continuously the handgrip for at least 2 seconds, performing the test twice alternating with both hands. A 90 sec period rest was given between trials. The best score for each hand was recorded in kilograms.
The handgrip score (kg) was calculated as the average of the left and right hands and then expressed per kilogram of body 16, 27 .
Standing long jump test
The standing long jump test (lower body explosive strength) was performed in an indoor wood floor gymnasium and the adolescents were instructed to jump the starting line and to push off vigorously and jump as far forward as possible landing on both feet and staying upright. The test was done twice, and the best attempt was recorded A new attempt was allowed if the subject fell back, or touched the start line.
The standing jump score was determined by the distance between the last heel-mark and the take-off line 27 . 
Results
Descriptive characteristics of the participants are presented in Table 1 . Boys were heavier and taller than girls and showed higher levels of MF and cardiorespiratory fitness (p<0.001 for all). Girls presented higher levels of adiponectin and HDLcholesterol (p<0.001). Table 2 Regression analyses ( 
p=0.047).
Discussion
Our results showed that adiponectin levels are negatively associated with MF even after considering potential confounders such as age, sex, pubertal stage, and socioeconomic status, adherence to the Mediterranean diet, body mass index, HOMA-IR, HDL-cholesterol, C-reactive protein and cardiorespiratory fitness. We also found significant differences of adiponectin levels according to the different levels in MF in non-overweight adolescents group. Our results suggest that MF status may play a role on the levels of serum adiponectin in adolescents independently of several confounders.
The current physical activity guidelines for children and adolescents recommend regular engagement in muscle-strengthening activities due to its healthrelated benefits, including prevention in CVD and metabolic risk factors 32 . Adiponectin has been proposed to be a cytokine with protective properties, but surrounded by controversy 17, 33, 34 . Recently, it has emerged an interestingly facet showing that adiponectin is also a myokine, being produced and released by skeletal muscle 10 .
However, the effect or the role of adiponectin on muscle skeletal strength is still unclear, little known regarding the pathways of this relationship Our results are in agreement with a recent small cross-sectional study with 198
Spanish adolescents (AFINOS study) 20 , in which the results showed an inverse association between adiponectin and MF after controlling for age, sex, pubertal stage and waist circumference. Furthermore, our results extend this evidence by including several others potential confounders, such as insulin resistance and CRP; given that, it was reported that adiponectin has an inverse relationship with markers of inflammation such as CRP 6 and insulin resistance 7 in adolescents and that CRP and insulin resistance were also negatively associated with MF in previous studies 16, . Moreover, it is known that insulin sensitivity is influenced by dietary factors and adiponectin is recognized as having insulin sensitizing properties 7, 5 . Previous studies reported that daily intake of fish or omega-3 supplementation increased adiponectin levels as well as a low caloriediet. 38 An adherence to a Mediterranean dietary pattern has also shown to be associated with adiponectin concentrations in diabetic women 39 . Importantly, in our study the association of adiponectin with MF remained significant even after the models were adjusted for CRP, HOMA-IR and adherence to a Mediterranean diet. Furthermore, our findings are consistent with the results from the most recent study in Japanese adults reporting an inverse association between circulating adiponectin levels and skeletal muscle strength after adjustment for age, physical activity, nutrition intake, CRP, BMI, metabolic syndrome and others lifestyle related potential confounders 18 .
The HDL-cholesterol and BMI have been proposed in several studies to be components of metabolic syndrome definition. Recently investigations demonstrated a positive correlation between HDL-cholesterol and adiponectin levels 6, 8 . However, none of these two studies have included a fitness variable as a potential cofounder. In our report, the associations between adiponectin and MF remained even after HDLcholesterol and BMI were included as covariates in the regression models. We have included BMI as covariate in our models due to better associative power with adiponectin levels than other adiposity variables such as waist circumference and, body fat percentage estimated by bioelectrical impedance and skinfolds thickness (data not showed). In this line of thought, a recent review observed that currently, most of the knowledge on the roles of adiponectin is driven from studies with obese subjects or in subjects with metabolic syndrome, a pathological host milieu; and, to clarify the context-dependent and homeostasis roles of adiponectin studies in both pathological and normal physiological states are needed 33 . Once, it seems clear that circulating adiponectin levels are reduced in obese subjects, several studies, as well as our results have demonstrated this. But it is also known that adiponectin is also segregated by the muscle cells. And, our analysis of covariance showed significant differences between Low MF and High MF in non-overweight participants, which reinforce the idea that high adiponectin levels and MF are associated, independently of the obesity status.
Nonetheless, based on the present data available literature, it is difficult to explore the potential clinical relevancy of the observed differences between groups in apparently healthy adolescents. However, high levels of adiponectin and low BMI have significantly been associated with increased all-cause and cardiovascular mortality in an elderly cohort population 11 .
The MF tests used in our study were based on previous studies which have shown good criterion-related validity 15, 13 .It is important to highlight the collinearity of MF and BMI
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. It is difficult to distinguish the separate influences of adiposity and MF on adiponectin levels in a cross-sectional observational study. However, in our regression models we did not observe multicolinearity for these variables, they were not correlated (data not showed). Access the body adiposity and lean mass profiles by more accurate tests could provide a better view regarding the interplay between MF and adiponectin levels.
In addition to MF, another important component of physical fitness is cardiorespiratory fitness, which has been referenced as powerful marker of health outcomes 13 . Some studies have showed a negative relationship between cardiorespiratory fitness and circulating adiponectin levels 20 even after adjusting for fatness 2 . In our study, we have included cardiorespiratory fitness, as a potential confounder, which attenuated the results; however, they remained significant. We are not aware of any study that has analyzed the relationship between MF and levels of serum adiponectin independent of cardiorespiratory fitness in adolescents.
Several limitations of our study should be taken into consideration. First, our cross-sectional design does not allow us to establish causality. Second, the measured serum adiponectin levels result from its release from several adipose and non-adipose tissues 33 , so it should be questioned to what extent skeletal muscle may contribute to these levels, and thus, to provide a wider insight on the relationship between MF and serum adiponectin levels in adolescents. Nonetheless, it has been shown that high circulating adiponectin concentration may be an indicator of decreased physical performance, especially muscle strength, in older adults 40 .
In conclusion, this cross-sectional study in Portuguese adolescents demonstrated that adiponectin circulating levels are inversely and independently associated with MF.
In non-overweight adolescents, those with high levels of MF presented lower levels of serum adiponectin compared to those with low MF. Table 3 . Unstandardized regression coefficients examining the association of adiponectin levels and muscular fitness 
